Edge profile measurements using Thomson scattering on the KSTAR tokamaka) Rev. Sci. Instrum. 85, 11D407 (2014) A scheme to obtain relatively scaled profiles of electron cyclotron emission ͑ECE͒ temperature directly from uncalibrated raw radiometer data is proposed and has been tested for the 2009 campaign KSTAR plasmas. The proposed method utilizes a position controlled system to move the plasma adiabatically and compares ECE radiometer channels at the same relative radial positions assuming the profile consistency during the adiabatic change. This scaling method is an alternative solution when an absolute calibration is unreliable or too time consuming. The application to the two dimensional ECE imaging data, wherein calibration is extremely difficult, may also prove to be useful.
I. INTRODUCTION
Electron cyclotron emission ͑ECE͒ radiometers have been widely used to measure the local electron temperature ͑T e ͒ of magnetically confined plasmas. When the optical depth ͑n , T͒ of the plasma is sufficiently large, the measured ECE intensity follows the Rayleigh-Jeans law limit as shown in Eq. ͑1͒ and can provide an absolute electron temperature information 1 I ECE = 2 T e 8 2 c 2 ͑ ӷ 1͒. ͑1͒
However, the standard hot and cold method for radiometer calibration often results in a significant error, typically ϳ15% because a calibration blackbody source of fusion plasma temperature level ͑ϳkeV͒ is simply not existent. In the case of the ECE imaging systems equipped with hundreds of channels, the calibration procedure with a tunable high power microwave source such as a backward wave oscillator can be extremely time consuming although not impossible. This paper describes an in situ scaling method for obtaining a relatively scaled ECE intensity profile from uncalibrated raw ECE data. The method requires an adiabatic translation of the plasma in the radial direction, for instance, using a plasma position control system. 2 Assuming the profile consistency, 3, 4 two ECE radiometer channels at the same relative radial position can be compared to determine the ratio of the gains of the two channels. Repeating the same for multiple combinations of the channels, a relatively scaled profile can be obtained without an absolute calibration.
II. RELATIVE SCALING METHOD
ECE radiometer channels are not in the same scale before applying calibration factors and thus the raw ECE data itself cannot provide useful information about T e profile. The relative scaling method illustrated in Fig. 1 is a way to make ECE radiometer channels to be in the same scale by comparing two different ECE channels at the same relative radial location at different times. This method allows the comparison of the measured intensities of radiometer channels in the same scale. The most important assumption for the validity of this scaling method is the consistency of the plasma density and temperature profiles to keep the emission and absorption property of the plasma unchanged in the plasma frame as it moves. 4 The uncalibrated raw data of the ECE radiometer from the KSTAR shot no. 2074 plasma ͑B T = 2.0 T , R = 1.8 m , a = 0.5 m͒ was analyzed using this method. During t = 1.4-2.0 s, the plasma was radially translated toward the inner wall, and the plasma center position R center decreased from 1.78 to 1.66 m. Note that the plasma center position was independently estimated using IDK-ECFIT code. 5 The plasma current has reached a flattop at ϳ300 kA and was constant during radial the movement. The 40 radiometer channels measure the second harmonic ECE from the plasma in the frequency range of 110-156 GHz and the corresponding radial position spans R = 1.83-1.30 m with about 1.25 cm spacing. 6 At time t = t i , ch.2 observed the region of r / a Ϸ 0.09 ͓the measured intensity is denoted as I ch.2 ͑t = t i ͔͒, and at t = t f ch.10 observed the approximately same region ͓I ch.10 ͑t = t f ͔͒. Under the assumption of the profile consistency, both I ch.2 ͑t = t i ͒ and I ch.10 ͑t = t f ͒ would be the same if the channels were in the same scale. Based on this assumption ch.10 can be rescaled to the scale of ch.2. Applying this algorithm to other channels, a total of eight channels can be set to the same scale.
a͒
III. RELATIVELY SCALED ECE PROFILE
The relatively scaled ECE profile obtained from channels 2, 10, 16, 22, 24, 28, 31, and 33 is shown in Fig. 2 . The figure shows two scaled ECE profiles at time t i = 1.45 s and t f = 1.95 s. Figures 1͑a͒ and 2 are in good agreement that the peak of ECE profile will be shifted toward inner wall.
These profiles are constructed under the assumption that the profile consistency argument is applied to the radial movement of the plasma ͑12 cm/0.2 s͒. A direct contact of the plasma with the inner limiter may add unwanted outgassing that may lower the electron temperature as the minor radius is reduced. This effect may violate the assumption that we imposed to this experiment. Due to the limited number of diagnostics available in the 2009 campaign, an assessment of the error may not be as accurate as we anticipate. We anticipate that we can qualify the errors better with the number of key diagnostics that are available in the 2010 campaign such as Thomson scattering, x-ray crystal spectroscopy, and reliable calibration of the ECE system. However, our guess is that the error contribution would not exceed ϳ10%.
The additional source of uncertainty is the plasma position estimation error, which could affect the channelmatching in Fig. 1 . However, at the maximum estimate, the plasma position error is ϳ2 cm ͑Ref. 5͒ and this will not be significant.
If the optical depth of the plasma were large enough, Fig. 2 can be interpreted as a shape of electron temperature profile. Assuming a parabolic density and temperature profile ϳ͓1−͑r / a͒ 2 ͔, the optical depth of the extraordinary second harmonic cyclotron emission is calculated as
where p is the electron plasma frequency, c is the electron cyclotron frequency, and ͗A 2 ͘ is a complex factor including the finite density effect and finite Larmor radius effect. ͗A 2 ͘ can be approximated to 1 for p Ӷ 2 c . Figure 3 shows the calculated optical depth profile and p / 2 c using the peak electron density at ϳ3.0ϫ 10 19 m −3 estimated from the lineintegrated interferometer data and a nominal peak electron temperature of ϳ750 eV. The optical depth is large in the plasma core region and marginal at the edge. The sufficiently large optical depth in the core region suggests that the real electron temperature profile will resemble the scaled ECE profile of Fig. 2 .
IV. POSSIBILITY FOR APPLICATION TO THE 2D SYSTEM
Under the assumption that we can have an accurate equilibrium calculation, two dimensional electron cyclotron emission imaging ͑ECEI͒ channels can be mapped on the poloidal cross-section of the plasma moving in the vertical or radial direction. In this experiment, we scale channels in ͑1͒ radial direction and ͑2͒ vertical direction separately. ͑1͒ The KSTAR ECE imaging system 8 uses a frequency tunable LO source and wide-band microwave electronics to control the radial span of the sight area. We can scale the ECEI channels FIG. 1. ͑Color online͒ ͑a͒ During t = 1.4-2.0 s, the plasma center ͑R center ͒ has changed from 1.78 to 1.66 m. The top right figure is a simplified illustration of this motion. Note that it is a limiter plasma. ͑b͒ Channel positions in the normalized radial coordinate in the plasma frame are plotted at t = t i ͑black͒ and t = t f ͑red͒. At t = t f , ch.10 observes the region where ch.2 observes at t = t i . If in the same scale, the measured intensity from ch.2 at t = t i would be same with the intensity from ch.10 at t = t f . A relative scale factor ␣ ͑2,10͒ can be found, which will be multiplied to ch.10 to make both channels to be in the same scale, i.e., I ch.2 ͑t = t i ͒ = ␣ ͑2,10͒ I ch.10 ͑t = t f ͒. radially by sweeping the LO frequency and thereby translating the radial span of the sight area for a fixed plasma rather than moving the plasma itself. ͑2͒ We can scale the channels vertically by moving the plasma in the vertical direction assuming the profile consistency as described in previous sections. Electron temperature measured by a Thomson scattering system 9 will be available as well as the 2D ECEI data in 2010 KSTAR campaign. This will provide an excellent opportunity to test this scheme.
V. SUMMARY
We have demonstrated that electron temperature profiles can be obtained using the relative scaling method without an absolute calibration. The resulting profiles are consistent with the radial translation of the plasma. The relatively scaled profile will be compared with an absolutely calibrated profile whenever reliable ECE calibration data become available for validation of the relative scaling method with a greater confidence.
Thanks to its simplicity, the relative scaling method can be used in a situation where a reliable absolute calibration is difficult or a frequent time-consuming calibration is required. Also the application to the 2D ECE system would yield a 2D relative ECE profile of the plasma. 
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